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Abstract 

Multiplexers based on the modulation of superconducting quantum interference devices are now regularly 
used in multi-kilopixel arrays of superconducting detectors for astrophysics, cosmology, and materials anal- 
ysis. Over the next decade, much larger arrays will be needed. These larger arrays require new modulation 
techniques and compact multiplexer elements that fit within each pixel. We present a new in-focal-plane 
code-division multiplexer that provides multiplexing elements with the required scalability. This code- 
division multiplexer uses compact lithographic modulation elements that simultaneously multiplex both 
signal outputs and superconducting transition-edge sensor (TES) detector bias voltages. It eliminates the 
shunt resistor used to voltage bias TES detectors, greatly reduces power dissipation, allows different dc 
bias voltages for each TES, and makes all elements sufficiently compact to fit inside the detector pixel area. 
These in-focal-plane code-division multiplexers can be combined with multi-gigahertz readout based on 
superconducting microresonators to scale to even larger arrays. 
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I. INTRODUCTION 



Arrays of superconducting transition-edge sensor^ (TES) are widely used to detect millimeter- 
wave, submillimeter, and x-ray signals. The development of kilopixel arrays has required cryo- 
genic signal multiplexing techniques. To date, all deployed arrays use either time-division multi- 
plexing (TDM)^ or frequency-division multiplexing (FDM j^. The potential advantages of multi- 
plexing TES devices with Walsh codes have been anticipated^^, and code-division multiplexing 
(CDM) circuits are now emerging^ that can significantly increase the number of pixels multiplexed 
in each output channel, with more compact modulation elements. 

Code-division multiplexing (CDM) shares many of the advantages of both TDM and EDM. In 
CDM, the signals from all TESs are summed with different Walsh-matrix polarity patterns. In 
the simplest case of two-channel CDM, the sum of the signals from TESs 1 and 2 would first be 
measured, followed by their difference. The original signals can be reconstructed from the reverse 
process. CDM can use the same room-temperature electronics as TDM. Unlike TDM, CDM does 
not suffer from the aliasing of SQUID noise by where is the number of pixels multiplexed. 
CDM uses smaller filter elements and simpler room-temperature electronics than EDM, and it 
allows dc biasing of the TES sensor, making it easier to achieve optimal energy resolutiorP. 

Several CDM circuits have been demonstrated. One implementation, flux-summed CD]S/P(4>- 
CDM), has been used to achieve average multiplexed energy resolution of 2.78 eV ± 0.04 eV 
EWHM at 6 keV with a small array of TES x-ray microcalorimeters^. Here we present a more ad- 
vanced CDM multiplexing circuit topology that allows scaling to much larger multiplexing factors 
than 4>-CDM. In current-summed CDM (I-CDM), only one SQUID amplifier is required for each 
column of detectors. The current from all TES calorimeters in a column flows out in one pair of 
wires, with a coupling polarity that is switched at each pixel by compact, ultra-low-power switches 
in the focal plane itself. These switches can be placed underneath an overhanging x-ray absorber, 
so that separate wires need not be extracted from each pixel. In I-CDM, the voltage bias source for 
the TES calorimeters does not dissipate power at the cold stage, making the power dissipation in 
even megapixel arrays manageable. Because the dc voltage bias source for the TES calorimeters 
is naturally multiplexed, different bias voltages can be chosen for each pixel. Einally, the number 
of address wires required scales only logarithmically with the number of rows multiplexed. Log- 
arithmic encoding of the address lines is made possible by the periodic nature of the response of 
the superconducting interferometer switches to address flux^. 
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II. SUPERCONDUCTING POLARITY MODULATION SWITCHES 



I-CDM requires a circuit that can modulate the polarity of the current coupling from a TES to 
its SQUID amplifier. The modulation has unity gain; amplification occurs only after the signal 
from many TES pixels is summed with different polarities. After the signal bandwidth is limited 
by a one-pole L/R low-pass filter formed by a Nyquist inductor Lnyq and the TES resistance, 
superconducting switches steer the current from the TES into one of two pathways that couple 
to the SQUID with opposite polarity. Because the polarity modulation occurs at much higher 
frequency than the bandwidth of the signal, there is no degradation in performance from detector 
noise aliasing. We have already fabricated and tested appopriate polarity modulatord^ as part of a 
previous CDM circuit implementation. Fig. [T^ shows the current coupled to the SQUID (/squid) 
vs. the input current (/in) for the two settings of the modulator. 

The polarity modulator contains superconducting switche^^^^^that are based on compact, low- 
inductance SQUIDs controlled by an applied flux. These switches are designed so that their critical 
currents modulate from a maximum value at zero flux (zero applied address current) to very near to 
zero at a flux of At zero applied address flux, the switch is closed, and the TES current flows 

in parallel through its Josephson junctions, which are in a zero-voltage state. At a flux of 4>o/2, the 
combined current flow through the parallel Josephson junctions in each switch drops near zero, 
and the switch acts as a normal resistor with a value orders of magnitude larger than the TES 
resistance. The 'open' resistance is large enough that it introduces no significant Johnson-Nyquist 
current noise. The switches used in I-CDM consist of four Josephson junctions rather than two 
(Fig. [IJ5), which allows both larger operating margins and higher current-carrying capacity than 
two-junction switches^. The new switches work well, have high yield, and have wide operating 
margins. 

III. CURRENT-SUMMED (I-CDM) ARRAY ARCHITECTURE 

The I-CDM array architecture presented here uses the polarity modulators shown in Fig. [1} 
Figure [2^ shows the I-CDM circuit diagram for a small 4-pixel array. In this circuit, each TES 
is wired in series with a Nyquist inductor that is large enough that the current through the TES 
is approximately constant during a multiplexed frame. Each TES (and its Nyquist inductor) is 
coupled to a polarity modulator, schematically represented in the figure as two single -pole double- 
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FIG. 1 : Polarity modulation, (a) Experimental measurements of a polarity modulator. Current into the 
SQUID (/squid) vs. the input current (/J in two different states: positive (solid, positive slope) data are 
for no applied address flux; negative (dashed, negative slope) data are for address flux Oadd = *J*o/2. Data 
are shown for three different pixels summed into one SQUID (black, red, and green — the data for all 
three curves are nearly identical). The inflection points near itV/xA are indicative of the transition to the 
normal state above the cunent-carrying capacity of the modulator used in this experiment, (b) A photograph 
of the new generation of polarity-modulation switches that are used in I-CDM. The switch contains four 
Josephson junctions. Junction 1 and 2 are separated by a serial gradiometer, as are junctions 3 and 4. 
Junctions 2 and 3 are adjacent, and behave as a single junction with twice the critical current. This design 
provides larger operating margins and higher current-carrying capacity. An expanded view is shown for the 
serial gradiometer separating junctions 3 and 4. 

throw (SPDT) switches that connect the two electrodes of the TES and Nyquist inductor alternately 
to the two wires coming from the SQUID coil. The current from all four TESs is summed with 
different polarities into one pair of wires, with the polarity of each summation determined by 
the state of the associated pair of SPDT switches. The column is read out with a single SQUID 
amplifier on the same silicon chip. 

In I-CDM, the TES detectors are dc biased. The average voltage bias level V on each pixel 
is set by applying a repeating linear current ramp /bias(t) to the coupled inductor in Fig. [2^. One 
example of an /bias(t) pattern is shown in Fig. The current ramp /bias(t) induces a repeating 
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FIG. 2: The I-CDM multiplexer, (a) A schematic of a four-pixel I-CDM multiplexer. The currents through 
all TES pixels (variable resistors in the figure) and their Nyquist inductors Lnyq are modulated in a Walsh 
pattern and summed in parallel into the input coil of a SQUID. In the example state shown in the schematic, 
TES pixels 1 and 4 are coupled to the SQUID with positive polarity, while TES pixels 2 and 3 are coupled 
with negative polarity. A voltage bias is applied to the detectors by means of a current /bias, which is injected 
into the primary of a coupled inductor, /bias induces a voltage U{t) on the secondary of the inductor, (b) 
A periodic bias current ramp /^as chosen to bias TES 1 at zero voltage, and TES 2-4 at f« 38 nV. (c) The 
induced voltage levels U{t) on the secondary, (d) The induced voltage V{t) on the series combination of 
TES 3 and its Nyquist inductor Lnyq (e) The voltage across TES 3, which is approximately constant except 
for a 0.16 % rms ripple. 

series of voltage levels U{t) on the secondary of the coupled coil (Fig. |2]:). The polarity of the 
coupling between each pixel and the bias signal U (t) is modulated in a Walsh code. Figure |2}l 
shows the modulated voltage bias across the series combination of TES 3 and its Nyquist inductor, 
y (TES3 -|-Lnyq), for pixel 3. In the four-pixel example in Fig. [2| the vector of average voltages V 
seen by the four TES pixels is Vj = (summed over j=1..4), where Wij is the 4x4 Walsh 

matrix and Uj is the value of the voltage U (t) for each pixel during the four Walsh periods. The 
voltage across the TES itself stays approximately constant because the impedance of Lnyq is large 
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compared to the TES resistance at the modulation frequency. The voltage across pixel 3, V(TES3), 
is shown as an example in Fig. [2^. 

All Walsh matrices are non-singular, thus any combination of average TES bias voltages V 
can be established by multiplying the desired values of V by the inverse of the Walsh matrix, 
W-J^ = (l/4)W/j. The first TES is typically disconnected because its output is not modulated in 
the Walsh code, so it doesn't share the same benefits from nulling common-mode pickup. For 
large multiplex factors, this results in only a small loss in the number of pixels. Thus, we set 
Vi = 0, which has the added benefit that I^ias will return to the same level after each frame. The 
four voltages on the secondary t/,- must be t/,- = Y.WijVi (summed over j=1..4), or 
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The example of Fig. [2] is for the case in which all of the TES voltages are chosen to have the 
same value Vq. In this case, Ui = 3Vo, and U2 = = U4 = —Vq. The numerical values chosen 
in Fig. [2] are for a particular TES detector design, with Vb=38 nV, row periods of 250 ns, and 
Lnyq=iOO uH. In this example, the voltage across the TES is approximately constant (Fig. [2^) with 
an rms ripple of only 0.16 %. Since this ripple occurs over periods much shorter than the response 
time of the TES, it does not measurably degrade the achievable energy resolution. 

As the polarity of each TES is switched, it generates a back-action voltage. This would first ap- 
pear to be a source of crosstalk, since it also acts on other TES pixels. However, over a full frame, 
the crosstalk back-action is null due to the orthogonality of the Walsh vectors. The back-action of 
the switching on the TES itself, averaging over multiple frames, appears as an additional source of 
resistance = L^^/ Tdweii in series with the voltage bia^, where Tdweii is the average time between 
switching. The source resistance, R^, must be kept small compared to the TES bias resistance Rq 
to maintain a voltage bias. Another constraint is placed by Josephson-frequency oscillations: the 
voltage applied to the 'open' switch will cause a small ac leakage current to oscillate at the fre- 
quency y/4>o. The switch circuit must be designed so that the Josephson oscillations are out of 
band. 

I-CDM has great potential to increase the scalability of both TES bolometer instruments for far- 
infrared / miUimeter-wave measurements, and for TES x-ray detectors. In order to demonstrate 



6 




22 



222222222 
222222222 




FIG. 3: (a) A photograph of part of a 32x32 TES x-ray calorimeter array that was fabricated as a geo- 
metric test. This array uses Mo-Cu TES thermometers, and will later be integrated with x-ray absorbers 
cantilevered over the multiplexer components. Inset: a magnified view of four pixels. The area of re- 
lieved silicon nitride membranes is the darker outline around the T'-shaped Cu x-ray absorber attachment 
structures, (b) A full lithographic layout of the I-CDM multiplexer, which fits beneath overhanging x-ray 
absorbers. Each two-lobed blue coil is a Nyquist inductor. The symmetry of the lobes ensures that the 
magnetic field on the adjacent TESs is close to zero. The polarity switches are the circuit elements running 
horizontally between the I-shaped posts. 

the potential to incorporate I-CDM multiplexer components within an x-ray detector pixel, we 
have fabricated a 32x32 TES x-ray calorimeter test array with pixels on a 300 /im pitch, and 
room for the I-CDM multiplexer components (Fig. [3^). In a full implementation, x-ray absorbers 
will be cantilevered over the multiplexer components, and connected to the T-shaped absorber 
attachment structures. We have also developed a full lithographic layout of an I-CDM multiplexer 
integrated in this test array (Fig. |3j)). 



IV. CONCLUSIONS 



I-CDM uses compact multiplexing elements that fit beneath an x-ray absorber in a TES array 
with a 300 /im pixel pitch. I-CDM modulation elements are much smaller than the LC filters used 
in EDM and the microwave resonators used in MKIDs and microwave SQUIDs. I-CDM does 
not use shunt resistors to voltage bias TES detectors, greatly reducing the power dissipation, and 
making it possible to scale to larger arrays. 
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The output bandwidth provided by dc SQUID amplifiers is typically a few megahertz, which 
limits the total multiplexing factor. Greater output bandwidth and much higher multiplexing fac- 
tors can be achieved by using microwave SQUID multiplexerd^as the readout SQUIDs in I-CDM 
instead of traditional dc SQUIDs. 
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